Background. Neisseria meningitidis (Nm) is a Gram-negative diplococcus that normally colonizes the nasopharynx and rarely infects the urogenital tract. On Gram stain of urethral exudates, Nm can be misidentified as the more common sexually transmitted pathogen Neisseria gonorrhoeae.
Neisseria meningitidis (Nm) is a Gram-negative diplococcus that colonizes the nasopharynx of approximately 11% of individuals and can cause invasive meningococcal disease (IMD), including bacterial meningitis and septicemia [1, 2] . High nasopharyngeal carriage rates have been reported among those aged 15-19 years (25%) and in men who have sex with men (MSM) attending sexually transmitted disease (STD) clinics (43%) [2, 3] . Although most IMD cases are caused by encapsulated strains (serogroup A, B, C, Y, X, and W), a significant proportion of nasopharyngeal Nm carriage strains do not express a capsule (nongroupable [NmNG] ) [4] [5] [6] .
Infrequently, Nm is isolated from urethral cultures (prevalence estimates = 0.1%-0.7%) [3, 7, 8] . Men who receive oral sex (fellatio) from partners colonized with Nm in the nasopharynx may acquire urethral Nm infection [9, 10] . On Gram stain of urethral exudates, Nm can be misidentified as the more common sexually transmitted pathogen Neisseria gonorrhoeae (GC) because both present as Gram-negative intracellular diplococci (GNID) [9] [10] [11] [12] .
No US surveillance program systematically captures urethral Nm infections. However, from 1 January to 18 November 2015, we identified 75 men with urethritis caused by a distinct Nm clade at the public STD clinic in Columbus, Ohio. Neisseria meningitidis urethritis was an incidental finding detected during routine screening for urethral GC infection as part of the Center for Disease Control and Prevention's (CDC's) Gonococcal Isolate Surveillance Project (GISP) [13] . No documented cases of Nm urethritis occurred at the same STD clinic in 2014. Such a large molecularly linked cluster of Nm urethritis cases has not been previously described, and the existence of this cluster raises questions about the sexual transmission of Nm. Our objective was to describe the epidemiologic characteristics of the infected men and define the molecular and phylogenetic characteristics of the urethral Nm isolates.
METHODS

Urethritis Screening and Treatment
All men who present to the STD clinic in Columbus, Ohio, have a urethral swab collected regardless of symptoms. Presence of urethral GNID is interpreted as presumptive GC urethritis [14] . Urine is also obtained for GC and Chlamydia trachomatis (CT) nucleic-acid amplification testing (NAAT; APTIMA Combo2 Assay, Hologic, Inc, Marlborough, MA) and Trichomonas vaginalis culture (modified Trichosel broth with 5% horse serum; BD, Franklin Lakes, NJ). Patients with a presumptive diagnosis of GC urethritis are treated with a CDC-recommended regimen [14] at presentation and before urine NAAT and culture results are finalized.
Urethral Cultures for Neisseria gonorrhoeae
The STD clinic in Columbus, Ohio, is a sentinel site for the CDC's GISP, which monitors GC antimicrobial susceptibility trends in the United States [13] . According to GISP and Columbus STD clinic protocols, urethral swabs from male patients with GNID are inoculated onto modified ThayerMartin media and incubated at 37°C in a 3%-10% carbon dioxide-enriched atmosphere for up to 72 hours. Oxidase-positive colonies with Gram-negative diplococci are presumed to be GC and subsequently undergo antimicrobial susceptibility testing at a GISP reference laboratory [13] .
Identification and Characterization of Neisseria meningitidis
Oxidase-positive colonies (Gram-negative diplococci) from patients with urethral GNID, but negative urine NAATs for GC, were sent to the CDC's Bacterial Meningitis Laboratory for identification using Analytical Profile Index NeisseriaHaemophilus (API NH) strip biochemical testing (bioMérieux, Marcy l'Etoile, France) and species-specific superoxide dismutase gene (sodC) real-time polymerase chain reaction (rt-PCR) [15] . Slide agglutination serogrouping and rt-PCR targeting serogroup-specific genes in the capsule locus (cps) [16, 17] were performed on all urethral Nm isolates. The cps locus was further examined by overlapping PCR and Sanger sequencing.
Whole-Genome Sequencing
All urethral Nm isolates underwent whole-genome sequencing using Illumina technology (see Supplementary Appendix). Genomes were assembled from Illumina data with CLC Genomics Workbench, version 8.0.2 (CLC bio, Aaarhus, Denmark). Final assemblies were submitted to the National Center for Biotechnology Information under BioProject PRJNA324131.
Genotyping
Multilocus sequence typing (MLST) was performed by searching assembled genomes with PubMLST allele lists [18] using BLAST (http://neisseria.org/nm/typing/mlst/). Outer membrane protein (OMP) gene sequences, including serogroup B vaccine antigens, were typed according to PubMLST sequence collection. Porin A (porA), porin B (porB), and ferric enterobactin transport (fetA) were typed according to their respective variable regions, Neisseria adhesin A (nadA) was categorized by the Novartis convention of variant and peptide ID [19] , and both Neisserial heparin binding antigen (nhba) and factor H binding protein (fHbp) were identified by PubMLST peptide identifier.
Phylogenetic Analysis
The urethral Nm isolates were compared against 1482 published sequence type (ST)-11 clonal complex (cc11) genomes downloaded from PubMLST.org on 21 January 2016 [18] . The maximum likelihood phylogeny was inferred from core single-nucleotide polymorphisms (SNPs) using Randomized Axelerated Maximum Likelihood (RAxML) v8.2.4 [20] , with the Generalized Time Reversible (GTR) GAMMAX substitution model and autoMRE "bootstopping. " Core SNPs were identified using kSNP3 [21] and Harvest v1.1.2 [22] (see Supplementary Appendix).
Antimicrobial Susceptibility Testing
Minimum inhibitory concentrations by broth microdilution were determined for penicillin, ampicillin, ceftriaxone, azithromycin, ciprofloxacin, levofloxacin, rifampin, and trimethoprim-sulfamethoxazole. Antimicrobial susceptibility breakpoints for Nm were defined by the Clinical and Laboratory Standards Institute [23] .
Data Collection and Extraction
Demographic, behavioral, clinical, laboratory, and travel data for all cases of Nm urethritis and culture-positive GC urethritis diagnosed at the STD clinic between 1 January and 18 November 2015 were extracted from electronic medical records (EMRs). Behavioral variables from self-administered intake forms, completed at each visit, were also extracted. Meningococcal vaccination status for Nm urethritis cases was extracted from Ohio's IMPACT Statewide Immunizations Information System.
Statistical Analysis
Data extracted from the EMR for Nm urethritis cases were examined. Because the suspected route of Nm transmission to the urethra has been reported to be oral sex [9, 10] , we examined multiple different measures of oral sex obtained through clinician interviews and self-administered intake forms, including separate items capturing whether patients performed oral sex, had oral sex with a male, and had oral sex with a female in the last 12 months. We used SAS (version 9.4, Cary, NC) to compare men with Nm urethritis to those with culture-positive GC urethritis. Categorical variables were compared using χ 2 or Fisher's exact tests; medians of continuous variables were compared using Mann-Whitney tests. We set the threshold for statistical significance at α = .05.
Ethical Approval
This project was approved by The Ohio State University Institutional Review Board.
RESULTS
Isolation of Urethral Neisseria meningitidis
No instances of urethritis with GNID, growth of oxidase-positive Gram-negative diplococci, and negative urine NAAT for GC were identified during January-November 2014. In December 2014, we identified 3 such cases. No additional identification testing of these isolates was performed. However, during the period 1 January-18 November 2015, 76 urethritis cases with similar patterns of urethral Gram-stain, culture, and urine NAAT results were observed. Seventy-five of 76 urethral isolates were subsequently confirmed to be Nm by API NH and species-specific rt-PCR; one urethral isolate was confirmed as GC. During the same period, 297 culture-positive urethral GC cases were identified; all had urethral GNID and positive urine NAAT for GC ( Figure 1 ). Overall, 20% of men with urethral GNID and growth of oxidase-positive Gram-negative diplococci had urethral Nm.
Patient Characteristics
We observed no significant differences in age, race, or ethnicity between men with Nm and GC urethritis ( 
Sexual Behaviors
Sexual behaviors varied somewhat between Nm and GC urethritis cases (Table 1) . Reported prevalence of oral sex was higher when ascertained during the clinician interview compared with self-report on the intake form. Regardless of ascertainment method, Nm urethritis cases reported oral sex with a female partner more often than GC urethritis cases (clinician interview: 96% [Nm] vs 73% [GC], P < .01; intake form: 72%
[Nm] vs 59% [GC], P = .02). When restricted to men reporting sex with women (99% of Nm cases and 80% of GC cases), there was no significant difference in the proportions of Nm and GC urethritis cases reporting oral sex with a woman in the last year. In this restricted sample, there was also no difference in the proportion of Nm and GC urethritis cases reporting vaginal sex in the last year (data not shown).
Sexually Transmitted Disease Coinfections
The proportion of men with urethral and rectal CT, trichomoniasis, syphilis, and HIV was similar in both groups ( [14] . Per STD clinic protocol, men were advised to rescreen in 3 months. To the best of our knowledge, no treatment failures occurred during the study period. 
Meningococcal Vaccination Status
Meningococcal vaccination data were incomplete for men with Nm urethritis. Only 8 (11%) vaccinated individuals were identified: All received at least 1 dose of the quadrivalent (A, C, Y, and W) conjugate vaccine Menactra (Sanofi Pasteur, Inc).
Characterization of Urethral Neisseria meningitidis Isolates
Serogrouping
None of the 75 urethral Nm isolates had evidence of capsule expression by slide agglutination serogrouping (NG phenotype). However, serogroup-specific rt-PCR yielded conflicting results. All isolates were negative for serogroups A, B, C, W, X, and Y by the method of Wang et al [16] . In contrast, the serogroup C capsule polymerase gene (csc) was identified by the method of Bennett and Cefferkey [17] . Further analysis of the cps locus identified only 860 nucleotides from the 3ʹ end of the 1479 nucleotide open reading frame of the csc. Primer F478 from Wang et al [16] binds between positions 591 and 610 of csc, which is within the first 619 nucleotides that are absent in these isolates. Overlapping PCR and sequencing of the cps locus revealed insertion of an intact IS1301 element into the intergenic region of the capsule transport (ctr) and sialic-acid capsule biosynthesis (css) operons and deletion of 3625 base pairs, including the cssABC genes and 5'-region of csc (Figure 2 ). The IS1301 element is associated with insertion/deletion events at the cps locus [6, 24] . Absence of the cssABC genes and 5'-region of csc was confirmed by whole-genome sequencing data and explain the NG phenotype of the urethral Nm isolates.
Genotyping
All 75 urethral Nm isolates belong to the ST-11 clonal complex (cc11) and were PorA type P1.5,-1,10-8 and FetA type F3-6. Seventy-three isolates were PorB type 2-2, one isolate was PorB type 2-78, and one isolate was PorB type 2-52. Analysis of the fumarase gene (fumC) sequence in all isolates revealed the G-to-A polymorphism (position 667) that is characteristic of the electrophoretic type (ET)-15 hypervirulent variant [25] . All isolates encode NHBA-20 and fHbp-v1/subfamily B (novel peptide sequence; PubMLST ID = 896) [26, 27] . Seventy-one isolates encoded NadA-2/3.2 [19] , whereas 4 assemblies contained disrupted nadA that could not be assembled, 3 of which were confirmed using ISMapper [28] to be due to an insertion of IS1301.
Phylogenetic Analysis
All 75 urethral Nm isolates formed a monophyletic clade containing none of the 1482 published cc11 genomes (Figure 3) . The most closely related published genome was from an NmNG isolate associated with IMD, whereas other closely related genomes were from invasive serogroup C isolates in the 11.2/ ET-15 lineage [29] .
Antimicrobial Susceptibility Testing
In a convenience sample of 12 urethral Nm isolates (data not shown), all were susceptible to ceftriaxone, azithromycin, ciprofloxacin, levofloxacin, rifampin, and trimethoprimsulfamethoxazole, and all had intermediate susceptibility to penicillin and ampicillin.
DISCUSSION
From 1975 to 1979, Faur et al reported the recovery of 964 urogenital and rectal Nm isolates (variety of serogroups) from men and women in a New York City GC screening program [30] . However, Nm urethritis has historically been an infrequent occurrence [3, 7, 8] . Indeed, the STD clinic where this cluster occurred had no documented cases of Nm urethritis in the year prior and only 3 possible cases. To our knowledge, this represents the largest molecularly linked cluster of Nm urethritis cases: all isolates were NG, ST-11 clonal complex, ET-15 variant, and monophyletic within cc11. The emergence of this cluster raises important questions about the ability of this Nm clade to cause urogenital disease and spread sexually similar to GC.
The ability of Nm to adapt to different environments or selective pressures through phase and antigenic variation is well recognized [1] . The Nm capsule, coded by the cps locus, is an important virulence factor associated with IMD [1, 4] . However, capsule is not required for person-to-person transmission through respiratory secretions and is not present in a substantial proportion of NmNG strains in nasopharyngeal carriage studies [5, 6] . Loss of capsule expression can enhance mucosal attachment by exposing surface opacity adhesins and increasing cell-surface hydrophobicity [1, 31] . The Nm clade described in this cluster had a signature IS1301 insertion/deletion event at the cps locus that resulted in loss of serogroup C capsule expression (Figure 2 ). We suspect that this genetic event and its resultant phenotype could facilitate attachment to the urethral mucosa. It is also possible that other genotypic and phenotypic changes could contribute to this Nm clade's evolution into a more effective urogenital tract pathogen. Work by Taha et al suggests that functional expression of AniA nitrite reductase, which enables nitrite-dependent anaerobic growth, could allow Nm to thrive in the urogenital tract [32] . Future work will determine the anaerobic growing capabilities of the Nm clade involved in this cluster.
Based on existing literature, urethral Nm infection likely results from index patients receiving fellatio from partners with nasopharyngeal colonization with Nm [9, 10] . Oral sex was a commonly reported participant behavior. However, variability in the endorsement of oral sex-depending on how the data were collected-demonstrates 1 limitation of extracting behavioral data from EMR. Whether the Nm clade in this cluster is being transmitted through vaginal or anal sex is not known. Furthermore, it is not clear why Nm urethritis became so much more prevalent among heterosexual STD clinic attendees in 2015 or whether our findings can be extrapolated to a non-STD clinic patient population.
Because GISP sentinel sites only culture male urethral specimens to identify GC [13] , all Nm urethritis cases identified in this cluster were men. No systematic tracking of sex partners occurred during the study period. Therefore, the size and density of the cluster, including the possibility of a larger sexual network, are unknown. However, other US sites, including Oakland County (Michigan), Philadelphia, and Indianapolis, have also reported an increase in Nm urethritis cases among heterosexual men [12, 33, 34] . Of the urethral Nm isolates tested, 92% (n = 11/12) from Oakland County, 95% (n = 19/20) from Philadelphia, and 100% (n = 2/2) from Indianapolis clustered with the Columbus Nm clade (12, 33, 34; CDC, personal communication) . From the 6 men with Nm urethritis in Columbus that reported travel outside of Ohio in the last 60 days (Table 1) , 1 visited Philadelphia but none reported travel to Oakland County or Indianapolis.
The apparent lack of involvement of MSM is somewhat surprising, given that MSM attending STD clinics have high rates of nasopharyngeal Nm colonization [3] . Men who have sex with men attending the same public STD clinic in Columbus frequently engage in fellatio [35] , which may increase their risk for Nm urethritis. In addition, recent outbreaks of IMD due to Nm serogroup C, including ST-11 clonal complex, have also been reported among MSM in New York City, Los Angeles, Chicago, and Southern California [36, 37] .
It is theoretically possible that another organism caused urethritis in these men and that Nm is simply a highly prevalent urethral colonizer. Chlamydia trachomatis commonly causes urethritis [38] but was identified as a coinfection in only 15% of the Nm cases. Testing for Mycoplasma genitalium, another cause of urethritis [38] , was not performed. Although such testing might be helpful in future studies, it seems highly unlikely that the consistent, highly prevalent symptoms of infected men-all of whom carry the same Nm clade-are instead caused by an alternative urethral pathogen.
No studies have examined optimal treatment of Nm urethritis [39] . In this study, most cases were treated as presumptive GC on the day of presentation with a recommended ceftriaxone-based regimen [14] . Based on the antimicrobial susceptibilities of 12 urethral Nm isolates from the same clade and the fact that no treatment failures came to our attention during the study period, these antibiotic regimens appear to also be effective for the treatment of Nm urethritis.
We are not aware of any IMD cases due to the Nm clade that is causing urethritis in Columbus and suspect that capsule loss has likely attenuated its ability to cause IMD. Vaccination is the primary intervention to prevent IMD, but polysaccharide-based vaccines target the Nm capsule [1, 4] , which is absent in this Nm clade. However, protein-antigen vaccines might confer a benefit [40] . The Nm clade described in this cluster contains genomic sequences encoding multiple OMP that may be recognized by serogroup B vaccine components, including an allele of the fHbp protein belonging to variant 1 (4CMenB, Bexsero, Novartis) and subfamily B (MenB-fHbp, Trumenba, Pfizer) [26, 27] . Additional research is needed to determine whether these proteins are expressed sufficiently and whether protein-antigen vaccines can elicit protective antibody levels against this Nm clade at mucosal surfaces.
In summary, the STD clinic in Columbus, Ohio, is experiencing an ongoing cluster of urethritis due to a distinct Nm clade (NG, ST-11 clonal complex, ET-15 variant) among mostly black heterosexual men. As of December 2016, we have identified 47 additional cases of urethritis in men due to the same Nm clade. Until more data are available, suspected or confirmed Nm urethritis cases and their partners are being treated as recommended for GC [12, 14, 39] . Additional research into this Nm clade should focus on the pathogenesis and prevalence of urogenital and extragenital infections, genotypic and phenotypic determinants that may enhance urogenital infection, and modes of sexual transmission in men and women.
